Introduction
FACS (fluorescence-activated cell sorting) became a standard method to produce highly purified cell populations for further evaluation by PCR-based techniques, western blotting, cell culturing, and transplantation experiments, among others. Sample preparation procedures (such as detachment, enzymatic digestion for attached cells, mechanical dissociation for primary cells) may significantly increase the proportion of apoptotic and damaged cells in the sorted sample (Frisch and Screaton 2001; Suh et al. 2005) . The sorting of functionally active cells is necessary for cloning and in the propagation of cells in order to assess the growth potential, drug sensitivity, and functional abilities of cells as well as their suitability for cell transplantation experiments. Cells undergoing apoptosis differ from non-apoptotic cells in their immunostimulatory features and their ability to be engrafted (Fuo et al. 2001; de Boer et al. 2002; Duggleby et al. 2012) .
DNA viability dye (Wlodkowic and Darzynkiewicz 2008) . Supravital DNA dyes, such as Hoechst 33342, DRAQ5, and DyeCycle Violet, at the concentrations generally applied to live cells induce DNA damage resulting in blockage of cell cycle progression, increased cell-cycle checkpoint kinase 2 (Chk2) and p53 phosphorylation and, consequently, perturbed G 2 M progression and changes in histone H2AX phosphorylation (Zhao et al. 2009 ). Furthermore, cells considered "viable" by DNA staining are often heterogeneous by light scattering parameters and may include populations committed to apoptosis.
The simultaneous determination of dead and apoptotic cells by flow cytometry traditionally requires a minimum of two markers (such as propidium iodide (PI), Annexin V, among others) (Schmid et al. 1999) . In attempts to exclude apoptotic cells, several studies report the use of Annexin V as a marker to exclude damaged and apoptotic, but still viable, cells from cell population by immunomagnetic purification (Grunewald et al. 2001; de Vantery Arrighi et al. 2009; Lee et al. 2010 ). However, cell sorting on the basis of labeling with Annexin V tagged to a fluorescent dye is limited because of the relatively high dissociation constant of the Annexin V/Phosphatidylserine (PS) complex, which results in unstable staining.
Another approach to determine the proportion of apoptotic cells in a sample is the use of potential-dependent staining of mitochondria (Kroemer 1999; Galluzzi et al. 2009 ). During apoptosis, the decrease in mitochondrial potential precedes the gross morphological changes that occur during the apoptotic process and before exposure of PS on the external leaflet of the plasma membrane (Zamzami et al. 1995; Overbeeke et al. 1999) . Therefore, potentialdependent staining of mitochondria may provide a better functional assessment of changes to cell function.
Several dyes have been used to determine mitochondrial potential; yet, many of these dyes have undesirable properties (Modica-Napolitano and Aprille 1987; Chen 1989; Poot and Pierce 1999; Plasek and Sigler, 1996; Castedo et al. 2002) . TMRE (tetramethylrhodamine ethyl ester perchlorate) is a highly fluorescent, cationic, lipophilic dye, and its retention depends exclusively on the mitochondrial inner membrane potential (Jayaraman 2005) . It was shown that TMRE positivity is associated with an absence of apoptotic processes (King et al. 2007 ). However, it has yet to be tested whether sorting based on TMRE staining could be useful in excluding apoptotic and dead cells from cell samples. In this study, we show that sorting cells on the basis of staining for mitochondrial potential (TMRE-stained) provides a method to purify a cell population that is negative for the DNA viability dye and has a low percentage of apoptotic cells. Furthermore, we show that TMRE has a negligible effect on cell viability. This type of cell sorting will be advantageous for applications requiring sorted cells with high functional activity.
Materials & Methods

Cell Lines and Reagents
Human THP-1, Jurkat, HeLa and mouse leukemic monocyte macrophage RAW 264.7 cells were obtained from the American Type Culture Collection (ATCC) (Manassas, VA). Cells were grown in RPMI-1640 and DMEM (Dulbecco's Modified Eagle Medium) (CellGro, Manassas, VA) supplemented with 2 mM L-glutamine (BioWhittaker, Walkersville, MD), 10% heat-inactivated fetal calf serum (FSC) and antibiotics (Sigma-Aldrich, St. Louis, MO) at 37C in CO 2 incubator. TMRE, Rhodamine 123 (Rho123) and staurosporine (STS) were purchased from Sigma-Aldrich. JC-10 was purchased from Enzo Life Sciences (Farmingdale, NY). Drugs were dissolved in dimethyl sulfoxide (DMSO). DMSO alone at the same concentration was used as a control.
Flow Cytometry Sorting and Analysis
A 15-channel FACSAria II Cell Sorter (BD Biosciences, San Jose, CA) equipped with various lasers (488 nm, 640 nm, 407 nm and 561 nm).
Annexin V Assay and Caspase 3/7 Staining
The Annexin V-Alexa Fluor 647 (Life Technologies, Grand Island, NY) staining procedure was performed according to the manufacturer's protocol. Briefly, the cells were resuspended with the Annexin V-binding buffer to a concentration of 1×10 6 cells/ml and stained with Annexin V-conjugate. Samples were incubated for 20 min at room temperature in the dark. After washing with the Annexin V-binding buffer, the cells were analyzed with a flow cytometer.
For caspase 3/7 staining CellEvent TM Caspase 3/7 Green reagent (Life Technologies), a fluorogenic substrate for activated caspase-3 and -7 was used according to the manufacturer's protocol. The cells were incubated with 5 μM of substrate for 30 min at room temperature and then analyzed with a flow cytometer.
Staining for Mitochondrial Potential and Viability
For staining with TMRE or JC-10, cells were incubated for 10 min with 10 nM JC-10 or for 20 min of 5-100 ng/ml TMRE at 37C. TMRE dye was excited by 561 nm laser and its fluorescence was captured using a bandpass filter at 582/15 nm. Sytox Blue (SB) (Life Technologies) and 7-aminoactinomycin D (7-AAD) were excited by 407 and by 488 nm lasers, respectively.
Click-IT Proliferation Analysis
Click-IT TM EdU-Alexa Fluor488 Kit (Life Technologies) was used to assess cell proliferation. The 5-ethynyl-2'-deoxyuridine (EdU) is a nucleoside analog of thymidine that is incorporated into DNA only during DNA synthesis, allowing for the quantitation of newly synthesized DNA (Salic and Mitchison 2008; Hamelik and Krishan 2009 ). The use of EdU is a less toxic alternative to the bromodeoxyuridine method, as it does not require the DNA denaturation and harsh permeabilization steps. To perform the assay, sorted cells were treated with 2.5 mM EdU-Alexa Fluor 488 (Life Technologies), directly added to the culture medium, and processed at different time intervals according to manufacturer's instructions.
Cell Cycle Staining
Cells were incubated in the presence of TMRE (100 and 250 nM) in triplicate, and then fixed for 6 and 24 hr, respectively, with cold ethanol that was added carefully to the mix. Cells were then pelleted and stained with 50 μg/ml PI and 0.1 mg/ml RNase A (both from Sigma-Aldrich). The PI signal was acquired using the FACSCalibur cytometer in FL-1 channel (BD Biosciences).
Quantitative Imaging Cytometry Analysis
Imaging cytometry analysis on Imagestream 100 (Amnis, Seattle, WA), equipped with 488, 658 and 405 nm laser sources and brightfield light source, was performed using 40× objective, as described elsewhere (Ponomarev et al. 2011) . For subsequent analysis with IDEAS software (Amnis), approximately 5000-20,000 cell events were collected.
Phagocytosis Assay
CypHer5E mono N-hydroxysuccinimide ester (CypHer5E) was obtained from GE Healthcare (Piscataway, NJ) and conjugated with 1-μm Amino beads purchased from Polysciences (Warrington, PA). Briefly, particles were spun down at 3,000 rpm/min and resuspended in 0.1 M sodium carbonate (pH 9.0), as described by Beletskii et al. (2005) . After agitation for 2 hr at room temperature, CypHer5E-conjugated particles were resuspended in phosphate-buffered saline (PBS) and centrifuged three more times. Particles were tested microscopically for background level before use.
Bone marrow-derived macrophages were isolated from 6-week-old C57BL/6 mice. After lysing erythrocytes, mononuclear cells were incubated with M-CSF (myeloid colonystimulating factor) at 10 ng/ml in DMEM supplemented with 10% FBS for 5 days, with media changes every 2-3 days. Bone marrow-derived primary macrophages were incubated with CypHer5E-conjugated beads for 1 hr and then analyzed by flow and imaging cytometry.
Microscopic Analysis
Cells were imaged at room temperature using a 40×/0.75 objective on a Zeiss Axiovert 200 fluorescent microscope (Carl Zeiss Microscopy Inc., Thornwood, NY) equipped with a CoolSNAP HQ2 camera (Photometrics, Tucson, AZ), and using SlideBook 4.2 software (Intelligent Imaging Innovations Inc., Denver, CO).
Statistical Analysis
At least 10,000 events were acquired using the flow cytometer. The data on Annexin V, cell cycle and mitochondrialpotential staining were analyzed by Diva 6.1 and CellQuest software (BD Biosciences) and FlowJo software (TreeStar Inc., Ashland, OR). Statistical analysis was performed using a paired t-test.
Results
Mitochondrial Potential Staining
We used mitochondrial dyes, TMRE, Rho123 and JC-10, to define cell subpopulations for the characterization of mitochondrial potential of different cell lines (THP-1, HeLa, Jurkat). Figure 1 shows representative dotplots of THP-1 cells stained with different mitochondrial dyes. TMRE staining of cells allowed two cell populations to be defined-positive and low-negative ( Fig.1A )-using a wide range of dye concentrations-from 5 nM to 100 nM. The difference between negative and positive TMRE populations, calculated as a staining index (SI), was similar within the 10-100 nM range (SI = 21.7-27.3) and slightly decreased at 5 nM (SI = 13.6). The dynamic range (minimal to maximal concentrations) that resulted in significant differences between positive and negative populations was higher for TMRE (5-100 nM) as compared with Rho123 (very low SI) and JC-10 (low SI) (data not shown).
Negative and low TMRE-subpopulations corresponded to the DNA dye-positive subpopulations (dead and highly damaged cells), whereas TMRE-positive (TMRE + ) cells were DNA dye negative; i.e., viable (verified by staining with DNA viability dyes: SB, 7-AAD and TO-PRO-3).
Light scatter analysis revealed that cell subpopulations that were negative or dim for mitochondrial dyes produced a low FSC signal, whereas cell populations brightly stained with mitochondrial dyes produced a high FSC signal. In the culture specimens (THP-1, HeLa, Jurkat) with significant spontaneous apoptosis, TMRE staining closely matched with FSC/SSC distribution: TMRE + cells had a low SSC, wheras TMRE-negative (TMRE -) cells had a high SSC/ FSC ratio. However, some cells with a low SSC/FSC ratio were also TMREand they were further analyzed using apoptosis markers.
Imaging and Flow Cytometry Analysis of TMREstained Cell Subpopulations
To evaluate the usefulness of TMRE for cell sorting, we stained Jurkat cells with Annexin V and the fluorescent caspase 3/7 substrate. The distributions of subsets were estimated with respect to populations selected on the basis of these apoptotic markers, DNA viability dye (SB) or TMRE staining. The percentage of cells belonging to each subset (SB -/Annexin V + , SB -/Annexin V -, TMRE high /Annexin V + , TMRE high /Annexin V -, TMRE low /Annexin V + , TMRE low / Annexin Vor similar populations positive/negative for caspase 3/7 substrate) was evaluated in 3×10 4 cells for each sample. The population of TMRE high cells contained <1% of apoptotic cells (Annexin V + and caspase 3/7 + ), whereas the population of TMREcells had only 0.4-0.5% of Annexin Vcells ( Fig. 2A) . Thus, TMRE allowed us to discriminate between "viable" cell populations, as defined by the DNA viability marker, and the subpopulation of early apoptotic cells. To check the possibility that TMRE low staining might come from a relatively small volume of the cytoplasm in some cells, we analyzed the size of TMRE-stained THP-1 cells directly with Imagestream 100 (Amnis, Seattle, WA). The result obtained showed no correlation between the size of the cells (intensity of signal in the brightfield channel and cell area) versus fluorescence intensity of TMRE-staining (Fig. 2B ). TMREcells had a similar distribution area as the positive ones; however, their fraction was contaminated with debris particles.
Phagocytosis of CypHer5E-conjugated Beads by Different Fractions of TMRE-stained Macrophages
The assessment of functional activity of TMRE-stained cells was carried out using phagocytosis assay with CypHer5E-conjugated beads on primary bone marrow macrophages. Engulfed CypHer5E-conjugated beads showed a large increase in fluorescence intensity compared with adherent beads (Fig. 3) . The level of phagocytosis was measured as the MFI (mean fluorescent index) of CypHer5E fluorescence. The MFI of CypHer5E fluorescence of TMRE high macrophages was five times higher than MFI of TMRE low macrophages (p<0.001) (Fig. 3B, 3C ).
TMRE Does Not Affect Cell Proliferation
The intensity of TMRE staining did not change significantly during cell sorting (2-6 hr). However, after 24 hr incubation in the dye-free culture medium, we observed a significant loss of TMRE staining (data not shown). This is advantageous for further multi-color staining of sorted cells, leaving free an additional fluorescent channel.
TMRE dye continuously present in cell medium does not affect cell proliferation; the percentage of Jurkat cells in the cell cycle distribution after TMRE incubation for 6 or 24 hr (using the PI staining protocol) was not different at all cycle phases as compared with control cells incubated without TMRE (data not shown). Jurkat cells in the S-phase represented 40-45% of the total cell population for both TMRE-incubated (100 nM) and control cells at both 6 and 24 hr. The TMRE dose of 250 nM induced a slight decrease of the percentage of Jurkat cells in the S-phase (36-40%); however, this difference was still statistically insignificant.
To further evaluate the influence of TMRE on cell proliferation, we loaded sorted TMRE + and unsorted control THP-1 cells with EdU and assessed the percentage of cells in the proliferating state (Fig. 4A, 4B ). After 24 hr incubation, the percentage of proliferating cells decreased only slightly (from 49% to 43%) in the TMRE-stained cell population. Proliferation determined by Click-IT also showed that TMRE-loaded THP-1 cells have nearly the same proliferation index as compared to the unloaded ones (Fig. 4B ).
Next, we sorted different TMRE subpopulations of THP-1 and HeLa cell lines and, after culturing of sorted cells, found that TMRE high cells proliferate normally in 2 hr after sorting (44.9% proliferating cells versus 51.6% for unsorted THP-1 cells) and attach normally to the dish surface ( Fig. 4A, 4C ). However, the TMREsubpopulation failed to attach to the dish surface and almost did not proliferate (3.03%) ( Fig. 4C ).
Analysis of Cell Sorting Based on TMRE Staining with Annexin V, Caspase 3/7 Substrate and DNA Viability Dye, Sytox Blue
We next sorted HeLa, Jurkat and THP-1 cells with a significant level of spontaneous apoptosis (% of Annexin V + and/or caspase substrate-positive cells was 12.8-31.2) based on TMRE staining, and then analyzed the populations obtained. A representative sorting experiment is illustrated in Figure 5 . Populations sorted as TMRE + contained 2-3% of late apoptotic/dead cells (Annexin V + and SB + ) (Fig. 5I) , whereas populations sorted as TMREcontained only 0.5% TMRE + cells (Fig. 5F ). Thus, TMRE-based cell sorting allowed for almost a complete separation of viable non-apoptotic cells.
Next, we induced apoptosis by STS in Jurkat cells. STS was introduced at a range of concentrations (0.1-0.5 μg/ml), and a final dose of 0.2 μg/ml with an incubation time of 3 hr was chosen for sorting experiments. The unsorted cell sample stained with TMRE contained 72% Annexin V + cells (Suppl. Fig. 1 ). Forward scatter/side scatter (FSC/SSC) distribution alone was insufficient to separate the apoptotic and non-apoptotic populations. In unsorted STS-treated cells, the SSC low population, normally described as 'viable' cells, contained a high percentage of apoptotic cells (up to 34%). We sorted the functional 'alive' cells from the STStreated cell sample based exclusively on mitochondrial potential staining. The purified TMRE high cell subpopulation was almost negative for the apoptotic marker caspase 3/7 substrate (0.5%) and negative for SB staining (less than 0.3%; data not shown). Besides, TMRE-based sorting allowed for the elimination of the SB intermediate cell subpopulation, which includes a significant proportion of apoptotic cells.
Analysis of Proliferative Activity after Cell Sorting of TMRE-stained and SB-stained Cells
Next, we compared the proliferative potential of cell subpopulations sorted on the basis of TMRE-staining of nonapoptotic cells (TMRE high cell subset), and the cell subpopulation sorted based on the exclusion of dead cells with SB-viability staining. In the first series of experiments, we used Jurkat cells maintained in vitro with high level of spontaneous apoptosis (up to 40%). It has been previously reported that the population of cells undergoing spontaneous apoptosis between cultured and/or transfected cells might be rather large-up to 25% or even more (Qiao and Farrell 1999; Sapozhnikov et al. 1999; Vassena et al. 2007 ). The sorted, non-apoptotic TMRE high cell subpopulation was evaluated by Click-IT EdU cell proliferation assay based on incorporation of EdU in newly synthesized DNA and its staining by azide dyes via a copper-mediated "click" reaction (King et al. 2007 ). The percentage of proliferating cells was higher than in the sample sorted on the basis of conventional DNA dye-exclusion: 28% versus 18.3% ( Fig. 6 ; representative experiment; p<0.01).
In the next series of experiments, we sorted primary mouse thymocytes stained either with TMRE or SB, and evaluated the proliferative potential of sorted TMRE high and SBpopulations. In all sorted samples, the percentage of proliferating cells was higher in TMRE high than in SBcells, (Fig. 7 ; representative experiment; p<0.01).
Discussion
In an effort to minimize the loss of function when sorting cultured cells from dead and apoptotic ones, we used a single-step sorting method with mitochondrial dye (TMRE). Cell sorting on the basis of mitochondrial dye staining was previously used to produce a functionally active subpopulation of spermatozoa, viable islet cells and for the separation of cardiomyocytes from fibroblasts (Auger et al. 1993; Khryapenkova et al. 2008; Hattori et al. 2009; Sousa et al. 2011) .
We compared TMRE positivity with apoptotic markers (Annexin V and caspase 3/7 substrate staining) and found that all cells positive for Annexin V and caspase 3/7 substrate are strongly compromised on their mitochondrial potential, as assessed by TMRE staining (Fig. 4) .
The important asset of FACS-sorting is the ability to use live, sorted cell fractions for further in vitro and/or in vivo assays. TMRE staining can be performed in complete culture medium and does not require any additional components. In contrast, efficient staining with Annexin V requires a special Ca 2+ -containing buffer. Besides, Annexin V staining is transient and probes have to be analyzed within 1-2 hr. Retention of the TMRE is optimal for sorting; even after 4-6 hr, the difference between the positive and negative populations is large enough for efficient cell sorting.
Transition of cells into the dye-free medium has minimal effect on dye efflux and staining gradually disappears within 24 hr, similar to that observed with the tetramethylrhodamine methyl ester (TMRM) dye (Hattori et al. 2009 ).
In our experiments, TMRE staining had an obvious advantage over other mitochondrial dyes, resulting in the highest staining index (Fig. 1) and, in accordance with literary sources, the cells showed differences in stain retention and cytotoxicity (Modica-Napolitano and Aprille 1987; Chen 1989; Poot and Pierce 1999) . JC-10 staining also made it possible to define a negative subpopulation of cells positive for apoptotic markers (Fig. 1) , but the fluorescence shift between low and high populations was not as dramatic as it was for TMRE.
Many mitochondrial dyes, such as JC-1, Rho123, and DiOC 6 (3), have a number of drawbacks (Metivier et al. 1998) . Rho123 is phototoxic and inhibits mitochondrial ATPase function (Modica-Napolitano and Aprille 1987; Chen 1989) . Staining with Rho123 and DiOC 6 (3) indirectly depends on mitochondrial potential (Metivier et al. 1998) , and also on the potassium concentration in the incubation medium (Plasek and Sigler, 1996; Hattori et al. 2009 ). Conditions such as these make Rho123 and DiOC 6 (3) less suitable for the evaluation of mitochondrial potential and early apoptotic changes as compared with TMRE. TMRE was extensively used for labeling and measuring of membrane potential in living cells by fluorescence and confocal microscopy because it does not inhibit mitochondrial function, unlike other mitochondrial potential-sensitive dyes (Jayaraman 2005) . Figure 7 . Comparison of the percentage of proliferating cells in TMRE + and Sytox Blue-negative (SB -) sorted primary murine thymocytes from mice. In the representative experiment (129/ SV substrains), thymocytes from each mouse were stained with TMRE or SB and sorted on FACSAria II cytometer. The sorted TMRE + and SBsubpopulations were labeled with EDU for 16 hr, and then processed according to manufacturer's instructions. Data are expressed as mean ± SEM, with at least three parallel sorted samples taken from each mouse; p<0.01.
The population of cells undergoing spontaneous apoptosis can be significant: 25% or higher (Qiao and Farrell 1999; Sapozhnikov et al. 1999; Vassena et al. 2007 ). The sample preparation procedure (detachment of cells followed by enzyme digestion) may additionally increase the percentage of apoptotic cells in the sorted sample. TMRE, in combination with light scattering gating, achieves 96-97% purity of viable cells, even in the case of high contamination with dead and apoptotic cells. This feature might be useful for the comparison of sorted populations. One of the advantages of TMRE staining is the negligible number of TMRE intermediate cells (<1% in our experiments), whereas DNA dyes can produce intermediate populations as large as 10%.
It is known that supravital DNA dyes possess different negative effects on cells. DRAQ5 induces chromatin aggregation and selective blocking of cells in the G 2 M phase (Zhao et al. 2009 ). Vybrant DyeCycle Orange induces significant cytotoxic responses in HL-60 and U937 cells (Wlodkowic and Darzynkiewicz 2008) , whereas DyeCycle Violet suppresses progression through G 2 M and S-phases (Zhao et al. 2009 ). Thus, staining with supravital DNA dyes may have significant consequences for the functionality of sorted cells and their progeny. In our experiments, staining with TMRE (up to 100 nM) had almost no effect on the cell cycle progression or proliferation of sorted cells (Fig. 2) . Moreover, the sorted TMRE + subpopulation of cells (cell lines and/or primary thymocytes) was highly purified (Fig. 5 ) and had higher proliferative potential compared with cells sorted on the basis of viability dye staining (SB) (Figs. 6, 7) . Also, TMRE high stained cells (bone marrow macrophages) had a higher capability for phagocytosis as compared with the TMRE low cellular subpopulation (Fig. 3) .
We used TMRE in combination with Alexa Fluor 647 (red laser), caspase 3/7 substrate (green channel from 488 nm laser), and SB (blue channel from 407 nm laser). With the exception of the PE channel, all other channels could be used, including dyes such as TO-PRO-3, 7-AAD and Brilliant Violet-conjugates. TMRE staining could be combined with transfection with green fluorescent protein (GFP), its derivatives (enhanced GFP or Blue Fluorescent Protein (BFP)) and a variety of far red proteins (mCherry, m-Kate-2, among others). This is the first report to demonstrate that the selection of non-apoptotic cells by staining with the non-toxic mitochondrial dye TMRE can significantly decrease the percentage of damaged and functionally inactive cells in different types of cultured cells and enrich for cells with a higher proliferative potential. Cell sorting on the basis of TMRE staining has a negligible effect on cell cycle, allows for the elimination of dead, damaged and apoptotic cells, and can be crucial for applications requiring functional activity of cells, such as phagocytosis assays or assessing proliferative potential.
